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Thin Nb films are grown by electron beam evaporation in an ultrahigh vacuum system on 
molecular beam epitaxy grown (001) InAs epitaxial layers. The Nb on InAs grows as 
a single-crystallitKdeposit at a substrate temperature of 200 “C!. The orientation relation is 
(001)Nb//(001)&4s with [11O]Nb//[llO]InAs, which is different from Nb growth 
on GaAs. The interface between Nb and InAs features a crystal-disordered layer with a 
thickness of l-2 nm, which-provides’ relaxation from lattice mismatch. Critical current 
measurement of Nb/In&Nb’ junctions shows that the crystal-disordered layer does not 
affect the superconducting characteristics of the junctions. 
Metal-semiconductor junctions have been intensively 
studied due to both ‘technological and scientific interest. 
Epitaxial metal growth on single-crystal semiconductor is 
very attractive for device applications;,such as the metal- 
base transistor,’ as well as for scientific research, such as a 
metal-semiconductor superlattice study. A metal-semicon- 
ductor superlattice is expected to realize exciton mecha- 
nism of superconductivity at the metal-semiconductor in- 
terface, in which the attractive interaction between 
electrons comes from excitation of excitons.2J In addition, 
the superconductor-semiconductor superlattice using the 
superconducting proximity effect shows the dimensional 
crossover of the critical magnetic field.4P5 A single_-crystal 
metal layer on a semiconductor substrate is necessary for 
these studies because the epitaxial semiconductor layer 
must be subsequently grown on this metal layer. The 
growth mechanism on GaAs has been investigated for 
many metals, such as Al, Au, MO, W, and Nb.3y6-g These 
results have indicated the optimum growth condition for 
the epitaxial metal growth on GaAs. However, the study of 
metal growth on III-V compound semiconductor is almost 
restricted to the cases-on the GaAs substrate. Note that we 
have studied semiconductor-coupled superconducting 
junctions using the superconducting proximity effect. lo-l3 
The ideal superconductor-semiconductor interface is nec- 
essary to clarify the boundary conditions of the semicon- 
ductor-coupled superconducting proximity effect.t4 The 
epitaxial metal growth on single-crystal semiconductor is 
considered as one of the methods that can realize the ideal 
superconductor-semiconductor interface. This method 
helps to advance these studies on the metal-semiconductor 
superlattice and the semiconductor-coupled superconduct- 
ing proximity effect. 
In this letter we report the growth of Nb by electron 
beam evaporation (EB) on molecular beam epitaxy 
(MBE) grown InAs epitaxial layers. Nb films were made 
under two different conditions. These Urns are compared 
from the viewpoints of crystallinity, interface morphology, 
and superconducting properties. 
The MBE/EB system consists of a preparation cham- 
ber, a metal-evaporation chamber, and an MBE chamber. 
The metal-evaporation chamber is separated from the 
MBE one so that As is not incorporated as the impurity 
into Nb films. Thus Nb is immediately deposited after the 
growth of InAs under a residual gas pressure of 
- 1 X 10 - to Torr and there is no wait for the As back- 
ground pressure to minimize. Since the InAs surface is 
exposed only to 0.1 L ( = Torr Xs), it does snot adsorb 
oxygen atoms before the Nb deposition. First, a p-type 
InAs buffer layer with a thickness of 1.0 pm was grown on 
a p-type InAs substrate. This was followed by the growth 
of an n-type InAs channel layer with a thickness of 0.4 pm. 
Si and Be were used as the n and p-type dopants, respec- 
tively. The InAs layers were deposited at a growth rate of 
0.3 rim/s and at a growth temperature of 480 “C. Next, 
after transferring the sample into the metal-evaporation 
chamber, a Nb layer with a thickness of 0.1 ym was de- 
posited by electron beam evaporation at growth rates be- 
tween 0.6 and 1.0 rim/s and at substrate temperatures TS 
of 50 and 200 “C. A growth rate faster than that previously 
reported9 was adopted to reduce impurity incorporation 
into Nb. 
The crystallography of the sample was analyzed by 
transmission electron microscopy (TEM). Since Nb is a 
much harder material than InAs, cross-sectional samples 
for TEM were prepared by using the Ar ion milling tech- 
nique with a low angle to improve the thickness uniformity 
at the interface region. Figures 1 (a) and 1 (b) are electron 
diffraction pattern and cross-sectional TEM image of the 
sample deposited at T, = 200 “C, respectively. In Fig. 
1 (a), the diffraction pattern for Nb shows clear spots. This 
result shows that the Nb film grows as a single-crystalline 
deposit at least in the observation area (0.4 pm square). 
The grain boundary cannot be observed in the Nb surface 
by the scanning electron microscopy. These results suggest 
that the Nb film grows as a single crystal in the wide area. 
It also indicates that the epitaxial arrangement is 
(OOl)Nb//(OOl)InAs with [llO]Nb//[llO]InAs, which is 
well known as Baker-Nutting 45 (BN45) .epitaxy.15 In 
addition, it was experimentally confh-med that this Nb had 
epitaxial (001) orientation from the x-ray diffraction pat- 
tern. As shown in the TEM image, the Nb/InAs interface 
has a crystal-disordered layer with a thickness of l-2 nm 
and a Nb crystal is inclined at less than lo”. This crystal- 
disordered layer seems to consist of Nb atoms and to pro- 
vide relaxation of misfit which is caused by lattice mis- 
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FIG. 1. (a) Electron diffraction pattern and (b) cross-sectional TEM 
image of the sample deposited at rS = 200 “C. Inset: a crystal-disordered 
layer. 
match between Nb and InAs. Figures 2(a) and 2(b) are 
electron diffraction pattern and cross-sectional TEM image 
of the sample deposited at T, = 50 “C!, respectively. We 
cannot observe the ring pattern but a few broad spots in the 
diffraction pattern from Nb. This result shows that the Nb 
film grows as a polycrystalline deposit and few large Nb 
crystals are included in the observation area. The polycrys- 
talline growth of Nb is caused by the decrease in diffusivity 
with decreasing substrate temperature. The TEM image of 
Nb shows that the interface is sharp in the atomic-scale 
range and does not have a crystal-disordered layer as seen 
at Ts = 200 “C!. Thus, we consider obtaining the suitable 
Nb/InAs interface in the case of T, = 50 “C to clarify the 
boundary conditions of the semiconductor-coupled super- 
conducting proximity effect. 
Grovenor et al. studied the epitaxial relationship be- 
tween fee metal substrates and various bee metal 
deposits.” They theoretically showed that for a deposit/ 
substrate lattice parameter ratio of rc0.767 BN epitaxy 
{ ( lOO)bcc//( lOO)fcc, [OOl]bcc//[Ol l]fcc) was prevalent, 
and that BN45 epitaxy could be obtained only for r > 0.9 15 
[in the intermediate range another epitaxy, called A, with 
( 1 lO)bcc[l.( 1OO)fcc was obtained]. The lattice parameter of 
Nb and .InAs is 3.3067 and 6.0584 A, respectively. The 
experimental result for Nb/(OOl ) InAs with a lattice pa- 
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FIG. 2 (a) Electron diffraction pattern and (b) cross-sectional TEM 
image of the sample deposited at Ts - 50 "C. 
rameter ratio of r=0.546 cannot simply be explained in 
terms of the Grovenor theory. It should be noted that the 
Nb/InAs system epitaxy [BN45 epitaxy, r=0.546] differs 
from that of Nb/GaAs [BN epitaxy, r=0.585]? This result 
reveals that BN45 epitaxy is more stable than BN epitaxy, 
when r is 0.546. For this reason, we maintain that r 
= 0.9 16 assuming that a Nb atom is placed on every other 
Nb atom for the [lOOI and [OlO] direction. The-experimen- 
tal result for Nb/( 00 1) InAs can be explained in terms of 
the Grovenor theory with this assumption. The crystal- 
disordered layer is thought to consist of this Nb layer, 
which has many defects due to the shift of a normal atom - 
position. These defects disappear during growing a few 
monolayers of Nb, because Nb gets to be stable in a normal 
atomic position. 
Nb/InAs/Nb superconducting junctions were made 
using these NbAnAs systems in order to investigate the 
superconducting properties: -The structure’ of a Nb/InAs/ 
Nb superconducting junction is schematically illustrated in 
Fig. 3. Nb electrodes .were patterned by a reactive ion etch- 
ing (RIE) technique.16 The superconducting critical cur- 
rent Io,of the junction was measured. The critical-current 
normal resistance product is described as 
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FIG. 3. Schematic diagram of the fabricated junction structure. 
P 
IcRN= YekBT -1 
AN(T) 2 L 
c08h(L/2&f) 1 g ’ (1) 
where L is the length between two Nb electrodes, &v is the 
coherence length in the normal metal, RN is the normal 
resistance and AN(T) is the induced pair potential at the 
superconductor normal interface.17-l9 The superconduct- 
ing characteristics of the junction using Nb at Ts = 200 
and 50 “C are shown in Table I. Nb electrodes of both 
samples have the. same superconducting critical tempera- 
ture Tc of 8.6 K. The difference of crystallinity does not 
affect the superconducting critical temperature. Therefore, 
the AN of both junctions can be compared from the view- 
point of the interface morphology. The results show that L, 
&,,, IG and RN of the junction using Nb at Ts = 200 “C are 
almost the same as those at Ts = 50 “C!. From Eq. ( 1 ), the 
obtained ratio of AN between the junction using Nb at 
T,F = 200 “C and Ts = 50 “C is 0.9. This result shows that 
the crystal-disordered layer does not affect the supercon- 
ducting characteristics of the junctions. 
TABLE I. Superconducting characteristics of the junction using Nb, 
where Ts is the substrate temperature deposited a Nb film, L is the length 
between two Nb electrodes, n is the carrier concentration of InAs, p is the 
mobility of the InAs, & is the coherence length in InAs, Ic is the super- 
conducting critical current and T, is the superconducting critical tem- 
perature of Nb. 
Ts=ZCO”C Ts= 50°C 
L (pm) 0.38 0.38 
n (cm”““) 2.5x 10’9 9.7x 10’8 
p (cm’/Vs) 2100 4300 
t$ ( pm) at 2.2 K 0.18 0.21 
Zc ( PA) at 2.2 K 70 67 
RN (a) 0.05 1 0.073 
Tc W 8.6 8.6 
In summary, Nb films were grown as a single-crystal- 
line deposit on (001) InAs planes at Ts = 200 “C in an 
ultrahigh vacuum system. The orientation relation is 
(OOl)Nb//(OOl)InAs with [llO]Nb//[llO]InAs, called 
BN45 epitaxy. The interface between Nb and InAs features 
a crystal-disordered layer with a thickness of l-2 nm, 
which provides relaxation from lattice mismatch. It was 
found that this crystal-disorder layer does not affect the 
superconducting characteristics strongly. We can consider 
that this Nb/InAs interface is sufficient to clarify the 
boundary conditions of the semiconductor-coupled super- 
conducting proximity effect. These results should also help 
to advance the metal-semiconductor superlattice study. 
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